As the number of photovoltaic (PV) systems grows annually and ages, the importance of long term reliability to the levelized cost of electricity (LCOE) has become increasingly clear. Likewise innovative PV system architectures being considered present opportunities for differentiation and growth into new markets, but still need to have a model for system reliability in order to justify their LCOE. Other benefits of reliability modeling include setting reliability goals for individual failure modes, determining optimum replacement and maintenance strategies, as well as prioritizing which failure modes require the most consideration in terms of research and testing. Physics of failure and materials properties are key inputs to the outcome of these models. This paper presents the results of reliability models based on accelerated testing, field data and theoretical calculations that were undertaken in order to determine the cost model of reliability of PV systems of different system architectures. Three examples for PV modules are presented here (bypass diodes, solder joints and microinverters) and are used to show how understanding of the reliability of systems based upon materials properties can be used to formulate models for lifetime and costs.
Introduction
Reliability plays an important role in the economics of photovoltaic systems because products with low degradation rates and long lifetimes will be able to produce more power and economic benefit for the customer [1] . Since reliability is dependent upon how a product is used, the environment in which it operates, and the design of the system, it is important to understand the functional relationship of these parameters on reliability. Many of these functional relationships arise from physical mechanisms at the materials-level and are tractable to reliability modelling by incorporating the physics-of-failure model (e.g., fatigue, diffusion, etc.) with a statistical model describing probability of failure (e.g., Weibull, lognormal, etc.). As shown below, the reliability model for each failure mode can be arranged into a block diagram (series, parallel, etc.) to represent the architecture of the product being modeled.
Photovoltaic Module Bypass Diode Reliability and Lifetime
Most commercially available photovoltaic modules are designed with bypass diodes in order to minimize power losses in case of current mismatch, and in the case of front-contact cells, to minimize damage from hotspots. One of the primary failure mechanisms of bypass diodes is thermally activated barrier migration of the semiconductor die which occurs mostly when the diodes are in the forward (conducting) state [2, 3] . We conducted accelerated tests by self-heating diodes by sourcing current through them and recording times to failure (defined as a 10X increase in leakage current at the rated breakdown voltage). The times to failure at each level were fit to a 2-parameter lognormal probability distribution function. As seen in Fig. 1 , the activation energy of the thermal failure mechanism was determined by relating the median times to failure according to an Arrhenius relation. This so-called Arrheniuslognormal model has been found to accurately describe lifetime of other similar electronic components [4] . Subsequently the lifetime model for each diode was put into a simple series reliability model that describes the reliability relation of all diodes in the module, as the failure of any one bypass diode would cause that module to fail to produce power. This reliability model for bypass diodes has been incorporated into a sophisticated computer model that can simulate diode temperatures throughout the operational life of a PV module in various realistic scenarios [5] .
Photovoltaic Module Solder Joint Reliability Model
Solder joints in photovoltaic modules are subject to diurnal stress cycling due to ambient environmental temperature cycling as well as an added temperature gain as the module heats from exposure to solar irradiance. Over a 40 year design life, this thermal mission profile presents opportunity for creep, grain growth and phase changes in Fig. 1 . Life-stress curve by fitting the activation energy of the Arrhenius relation to the median failure times at each temperature the solder alloy [6] , but the primary failure mechanism of concern is fatigue due to the coefficient of thermal expansion (CTE) mismatch between the solder alloy and other materials in the PV module (silicon and low-Fe soda-lime glass). The acceleration factor for damage due to fatigue from CTE mismatch is largely dependent upon the ratio of temperature swings in test compared to the temperature swings in the field [7] , so accelerated thermal cycling has been conducted to determine a Weibull probability distribution function for times to failure and relate these to field conditions [5] . As seen in Fig. 2 the arrangement of solder joints to form a cell-to-cell interconnect in SunPower back contact modules is a series-parallel configuration wherein each solder joint has double redundancy. Most conventional PV modules have a single redundant solder joint architecture, but as shown in Fig. 3 this doubly redundant design gives a tremendous reliability advantage over singly redundant designs because it enables much lower module failure rates than conventional architectures.
Photovoltaic Inverter Architecture Reliability Models
The inverter is an integral part of every grid-connected photovoltaic (PV) system and accounts for a large part of the total upfront PV system cost. After a PV system is installed, operation and maintenance (O&M) costs of the PV system are largely driven by inverter failures, which require an onsite troubleshooting visit and repair or replacement of the part. Thus inverter reliability is an important consideration when calculating the total cost of ownership.
Microinverters are an increasingly popular choice of installation for residential photovoltaic (PV) systems. They offer numerous performance advantages over traditional string inverter systems such as being more shade tolerant, more modular, and operating at lower DC voltages. However, in order to maintain an equivalent level of system reliability as a string inverter system, each individual microinverter is required to have much better reliability than the single string inverter that they are replacing.
Compared to PV modules, inverters are more complicated devices with hundreds of discrete components and many competing failure modes [8] . By applying Design Failure Mode Effects Analysis (DFMEA), SunPower prioritizes the failure modes in terms of risk and targets reliability centric design practices and tests to make estimates of product lifetime and ensure the system will meet design goals for reliability and cost. Among the higher risk failure modes are solder joint fatigue (addressed by thermal cycling), semiconductor wearout and electrical shorts (addressed by High Temperature Operating Bias) and packaging failure of component and assemblies (addressed by damp heat testing). For each of these failure modes the probability of failure is modeled by a Weibull probability distribution function at conditions under test, then related to field conditions by applying an acceleration factor model according to the physics of the failure mechanism. Field operating conditions are determined by polling units deployed in limited launch in various target geographies to understand exactly what the mission profile is for units in real installations. As seen in Fig. 4 product operating temperatures exhibit a diurnal and seasonal variation. The temperature data is characterized by a probability distributions for time at temperature as well as diurnal temperature swings in order to translate the accelerated tests to field conditions. While wearout is modeled from test data, the early life and steady state failure rates are determined by a limited launch of fielded product. This limited launch gives insight into the probability of failure due to manufacturing quality or design issues not uncovered by design verification tests. Once Weibull functions have been calculated for individual failure modes, a reliability block model is constructed for the microinverter by considering all failure modes as acting in series (any one failure mode can cause failure of the device) and then likewise constructing a reliability model for a system of N microinverters by populating a block diagram with N microinverters in series. Thus the system reliability (Rsystem) is calculated from the microinverter reliability (Rmicroinverter) according to Eqn. 1 as shown below [10] . (1) The reliability model then can be used to estimate the costs of maintaining a microinverter based system and to compare it to that of a traditional string inverter system. To model string inverter reliability we leverage data from string inverters in SunPower's fleet to get early life and steady state annual failure rates from actual deployments. Wearout for string inverters is added in series to the early life and steady state failure in the model and reflects that most inverters will need to be replaced between 8 -15 years [9] . In the reliability model, each time a unit fails it triggers a maintenance action that incurs cost for replacement parts, labor and lost power revenue. In this manner we are able to make a comparison of a microinverter based system with a string inverter based system. As shown in Fig.  5 , the model output shows that the relative cost of operating and maintaining a microinverter based system can be lower than that of a traditional string inverter system. In this model we use a 50% confidence level for the expectation and a 90% confidence level for a conservative estimate. Note in both cases the dip around year 12 showing when traditional string inverters are likely to need a replacement due to inverter wearout.
Conclusions
Modeling has been applied to three examples of interest to photovoltaic system reliability. These models incorporate physics of failure based on materials properties to model individual failure mechanisms, studies of fielded products and statistical analysis of accelerated tests to describe temporal failure rates. In the case of bypass diodes a simple series reliability model was constructed from laboratory investigations to inform field failure rates. For module interconnection a series-parallel arrangement was made to describe failure rates and showed that doubly redundant interconnection have a massive reliability advantage over singly redundant. And for comparing microinverter to string Fig. 5 . Relative operation and maintenance costs of microinverter based system compared to string inverter system inverters, models taken from accelerated testing were used to show that microinverters can have lower operating and maintenance costs than string inverter based systems. In future work this method of reliability modeling can be extended to new photovoltaic architectures including home energy storage and string inverters for commercial roof, as well as modeling the reliability for novel module level power electronics devices.
